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Edited by Maurice MontalAbstract The uptake of diﬀerent cell-penetrating peptides
(CPPs) in two yeast species, Saccharomyces cerevisiae and Can-
dida albicans, was studied using ﬂuorescence HPLC-analyses of
cell content. Comparison of the ability of penetratin, pVEC and
(KFF)3K to traverse the yeast cell envelope shows that the cellu-
lar uptake of the peptides varies widely. Moreover, the intracel-
lular degradation of the CPPs studied varies from complete
stability to complete degradation. We show that intracellular
degradation into membrane impermeable products can signiﬁ-
cantly contribute to the ﬂuorescence signal. pVEC displayed
highest internalizing capacity, and considering its stability in
both yeast species, it is an attractive candidate for further
studies.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The discovery of short protein fragments that could traverse
the plasma membrane of cells in a seemingly direct fashion was
overwhelming [1,2]. These ﬁndings were followed by a race to-
wards the discovery of more peptides with a cell translocating
ability. Today there exist several well-characterized cell-pene-
trating peptides (CPPs), and new candidates are found at an
increasing pace. The capacity of CPPs to deliver cargo mole-
cules attached to it to the cell interior has opened up a whole
new horizon in drug delivery research [3]. Although the actual
mechanism of the translocation step is not fully characterized
for most CPPs, cargos have repeatedly been reported to enter
cells in a functional state, since speciﬁc biological responses
can be detected [4]. After transport from the site of administra-
tion, the CPP ligated to the therapeutic agent must be released,
and, subsequently, cleared from the site before it accumulates
and reaches toxic levels [5]. This will not happen if the CPP is
inert and resistant to degradation. On the other hand, if the
CPP is degraded before it reaches the target, the cargo will
be released prematurely. This necessitates a ﬁne-tuning of the
degradation characteristics of the CPP in question, since nei-
ther total stability nor instability is acceptable.*Corresponding author. Fax: +46 8 161371.
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doi:10.1016/j.febslet.2005.07.099The action of CPPs has been extensively investigated in var-
ious mammalian cells [4], but there are few reports on their
ability to traverse the cell walls of bacteria and yeast. Since
yeast is the simplest eukaryotic species it is a popular model
system for investigation of gene function.
It was recently shown that the CPPs pVEC and TP10 have
the capacity to internalize into both mammalian and non-
mammalian cells [6].
In this paper, we present a comparative study in the uptake
of diﬀerent CPPs, pVEC, (KFF)3K and penetratin (Table 1)
in the yeast species Saccharomyces cerevisiae and Candida
albicans.2. Materials and methods
2.1. Materials
t-Boc protected amino acids and MBHA resin were from Neosys-
tem, Strasbourg, France. Cell culture medium was from Difco, USA.
Data evaluation was performed using GraphPad Prism 4.0 from
GraphPad soft Inc.2.2. Peptide synthesis
Peptides (Table 1) were synthesized in a stepwise manner on a peptide
synthesizer (Applied Biosystems model 431A, USA), applying t-Boc
chemistry and MBHA resin. Synthesis products were puriﬁed by
reverse phase HPLC C18 column and theoretical molar weights corre-
lated to MALDI-TOF mass spectra.2.3. Microorganisms and growth conditions
Saccharomyces cerevisiae (YPDH 499) and C. albicans (CA 14) were
grown in YPD medium (1% yeast extract, 2% dextrose and 2% pep-
tone) at 30 C with shaking at 200 RPM for 12 h. Uptake studies were
performed on cultures with OD600 0.5.2.4. Cellular uptake experiment
After growing the cells to an OD600 of 0.5, peptides were added at
three diﬀerent concentrations (ﬁnal concentration 0.1, 1, and 10 lM)
to 300 ll of cell suspension and incubated for 1 h at 30 C, with shak-
ing at 200 RPM. The cell suspension was then centrifuged at 3000 · g,
the resulting supernatant, containing medium and non-internalized
peptide, was removed and the pellet was washed with ice-cold PBS.
Peptides attached to the extracellular surface of the plasma membrane
were modiﬁed by addition of 2-nitroaniline, as described in [7]. Protein
concentration was determined according to detergent compatible pro-
tein assay kit from BioRAD, Stockholm, Sweden. Time-course studies
where performed at 1 lM peptide concentration with incubation for
20, 40 or 60 min, and temperature-dependent studies where performed
at 10 lM peptide concentration at 4 C, applying the same protocol as
above.blished by Elsevier B.V. All rights reserved.
Fig. 1. Peptide uptake at diﬀerent extracellular concentrations in (a) S. cerev
CPP at 30 C for 1 h. (a) pVEC (upper left), all-D-pVEC (upper right), total
total (intact + degraded) penetratin (j) and intact penetratin (m) (low
(intact + degraded) (KFF)3K (j) and intact (KFF)3K (m) (lower left), penetr
the mean of three independent experiments ± S.E.M.
Table 1





All peptides were labelled with carboxy-ﬂourescein at the N-terminus.
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An HPLC-gradient system (Dionex, USA) consisting of a 5 lm
(150 · 4.6 mm) C18 column, a precolumn containing the same adsor-
bent, and a ﬂuorescence detector was used to analyze the cell lysates.
Fluorescence emission was detected at 534 nm with excitation at
440 nm. 10 pmol of each parent peptide was analyzed under identical
conditions as the cell lysates to obtain calibration values for quantiﬁ-
cation of uptake and degradation.isiae and (b) C. albicans. Cells were exposed to 0.1, 1 and 10 lM ﬂuo-
(intact + degraded) (KFF)3K (j) and intact (KFF)3K (m) (lower left),
er right). (b) pVEC (upper left), all-D-pVEC (upper right), total
atin (lower right). Inset shows the graphs merged. Each point represents
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Peptides labelled with carboxy-ﬂuorescein at the N-terminus
were used in all uptake studies. All experiments on the yeast
cells were performed on cultures with an optical density of
0.5 measured at 600 nm. This approximately equals
5 · 106 cells/ml, meaning that in our protocol with cultures
of 300 ll 1.5 · 106 cells were used.
Cellular uptake was ﬁrst investigated at diﬀerent peptide
concentrations, i.e., 0.1, 1 and 10 lM at 30 C for 1 h. The re-
sults are presented as nmol internalized peptide per mg protein
(Fig. 1(a) and (b)).
Intact penetratin was present at very low intracellular levels
at all concentrations tested while uptake of the other intact
peptides was concentration dependent in both species
(Fig. 1(a) and (b)).
The intracellular degradation pattern diﬀered between the
peptides as well as between the yeast species studied. pVEC
was stable in both S. cerevisiae and C. albicans, while the
opposite was true for (KFF)3K, which was partly degraded
in both species. Penetratin, on the other hand, was almost to-
tally degraded in S. cerevisiae but not at all in C. albicans.
Fig. 2(a) and (b) shows the concentration dependence of the
degradation pattern. Neither (KFF)3K nor penetratin had
detectable levels of degradation products at 0.1 lM
(Fig. 2(a)), but at higher concentrations (KFF)3K was de-
graded in a larger proportion. Penetratin was almost totally
degraded already at 1 lM (Fig. 2(a)), explaining the enormousFig. 2. Contribution from degradation products (%) to the total
intracellular label at diﬀerent concentrations in (a) S. cerevisiae and
(b) C. albicans. (a) (KFF)3K (j), penetratin (m); (b) (KFF)3K (j).diﬀerence in intracellular ﬂuorescence associated with intact
and total (the added signals of intact and degraded peptide)
penetratin (Fig. 1(a)).
To extract information about the time-course, we measured
the uptake at 20 and 40 min as well, at a peptide concentration
of 1 lM (Fig. 3(a) and (b)). Although not completely similar,
the time-dependent uptake of the peptides in C. albicans and
S. cerevisiae was not divergent. For all-D-pVEC the uptake
pattern was identical in the two species. Penetratin was stable
in C. albicans and its uptake did not change signiﬁcantly over
time (Fig. 3(b)).
Fig. 4(a) and (b) visualize the proportion of the total uptake
that is actually degradation products at every time point.
(KFF)3K was only degraded to a small extent in S. cerevisiae
and the degradation products did not change over time
(Fig. 4(a)). Penetratin, on the other hand, was almost totally
degraded after already 20 min (Fig. 4(a)). In C. albicans
(KFF)3K was the only unstable peptide, and Fig. 4(b) reveals
that the degradation increased over time.
To further investigate how degradation products inﬂuence
uptake we repeated the experiments at 4 C, which would inhi-
bit enzymes like peptidases and proteases responsible for deg-
radation of the peptides. The cells were incubated for 1 h at
10 lM peptide concentration. The results are presented as frac-
tion of peptide internalized at 4 C compared to peptide inter-
nalized at 30 C. Intracellular levels of intact penetratin in S.
cerevisiae was increased more than 5-fold at low temperature,
at the expense of the intracellular pool of total penetratin,
which decreased (Fig. 5(a)). In C. albicans, where penetratin
was not degraded, the uptake increased almost 7-fold at 4 C
compared to the peptide uptake at 30 C (Fig. 5(b)). (KFF)3K
was only degraded to a small extent in both species and its up-
take was not aﬀected signiﬁcantly by temperature.4. Discussion
The ability of CPPs to deliver cargo into cells, and thereby
induce a biological response, has been extensively studied [4].
However, studies on the stability and degradation characteris-
tics of diﬀerent CPPs are scarce. Furthermore, most studies
on CPPs have been made on mammalian cells. Here, we re-
port on the cellular uptake and degradation pattern of three
diﬀerent CPPs (see Table 1) in the yeast species S. cerevisiae
and C. albicans.
In order to quantify uptake we used a method described in
[7]. Not only does it make it possible to separate internalized
from extracellularly bound peptides but, importantly, this
method also holds the capacity to discriminate intact from
degraded peptides. In Fig. 1(a) and (b) peptide internalization
is normalized against protein concentration to be able to
compare peptide uptake from diﬀerent samples. These values
cannot be used in comparison with uptake in other species,
since protein content can vary greatly between cell types.
An important issue that is visualized most clearly in the case
of penetratin in Fig. 1(a), is the great contribution of degrada-
tion products to the total intracellular ﬂuorescence of labelled
peptides. It can be argued that the N-terminal label molecule
may alter the sensitivity of the peptide toward proteases. How-
ever, in the research ﬁeld of CPPs it is in this way that most
peptides are labelled and therefore it is of great interest to
Fig. 3. Peptide uptake at diﬀerent time-points in (a) S. cerevisiae and (b) C. albicans. Cells were exposed to 1 lM ﬂuo-CPP at 30 C for 20, 40 and
60 min. (a) pVEC (upper left), all-D-pVEC (upper right), total (intact + degraded) (KFF)3K (j) and intact (KFF)3K (m) (lower left), total
(intact + degraded) penetratin (m) and intact penetratin (j) (lower right). (b) pVEC (upper left), all-D-pVEC (upper right), total (intact + degraded)
(KFF)3K (j) and intact (KFF)3K (m) (lower left), penetratin (lower right). Inset shows the graphs merged. Each point represents the mean of three
independent experiments ± S.E.M.
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tion. (KFF)3K was degraded to such a small extent that the
fragments were not making any signiﬁcant contribution to
the uptake levels. Penetratin was, however, displaying an enor-
mous total uptake at 10 lM (Fig. 1(a)), which consisted of 92%degradation products (Fig. 2(a)). This is consistent with results
from a recent study on uptake in CHO-cells, where more than
90% of the intracellular ﬂuorescence was associated with deg-
radation products from the CPP MAP [8]. In an earlier study
on the intracellular concentration of penetratin and MTS in
Fig. 4. Contribution from degradation products (%) to the total
uptake at diﬀerent time-points in (a) S. cerevisiae and (b) C. albicans.
(a) (KFF)3K (j), penetratin (m); (b) (KFF)3K (j).
Fig. 5. Fraction of peptides internalized at 4 C relative to peptides
internalized at 30 C in (a) S. cerevisiae and (b) C. albicans. Cells were
exposed to 10 lM ﬂuo-CPP at 4 C for 1 h. Each point represents the
mean of three independent experiments ± S.E.M.
T. Holm et al. / FEBS Letters 579 (2005) 5217–5222 5221adherent cells, the authors suggested that cytosolic proteolytic
activity led to a heterogenous population of ﬂuorescently la-
belled molecules of diﬀerent sizes [9]. Degradation products
from intracellular metabolism give rise to smaller, imperme-
able fragments of the peptides that accumulate inside the cell
[8]. A stable CPP can thereby be interpreted as a less eﬃcient
translocator of the plasma membrane, compared to a CPP that
is degraded when it reaches the interior of the cell.
From Fig. 1(a) and (b) it can be seen that pVEC was not
degraded in either of the yeast species studied. This result is
in agreement with studies made on human aorta endothelial
cells and murine A9 ﬁbroblasts [10], with showing that pVEC
is stable in both mammalian and yeast cells. In S. cerevisiae,
the enantiomers were taken up to the same extent, but in
C. albicans all-D-pVEC had an almost 7-fold higher uptake
at 10 lM compared to pVEC (Fig. 1(a) and (b)). Higher
uptake of the D-isomer argue against involvement of a chiral
receptor. The discrepancy could be due to species speciﬁc
extracellular degradation of pVEC in C. albicans.
This issue was further addressed by repeating experiments
done at 10 lM, but instead of 30 C the cells were incubated
with peptide at 4 C, since low temperature slows down the
degradation of proteins and peptides. The results, presented
in Fig. 5(a) and (b), show that the uptake of penetratin in
C. albicans was increased 7-fold at low temperature. An
obvious explanation is that the extracellular degradation is
slowed down at this temperature and intact penetratin can
thereby translocate the membrane. It was recently shownthat levels of metabolized peptide in energy-depleted CHO
cells decreased dramatically, as the HPLC peak from de-
graded MAP in control cells was completely diminished
[8]. Here, the intracellular pool of degraded (KFF)3K was
decreased in both C. albicans and S. cerevisiae (Fig. 5(a)
and (b)). The most profound diﬀerence was displayed by
penetratin in S. cerevisiae (Fig. 5(a)), where intact peptide
was increased more than 5-fold, while the total intracellular
label was decreased compared to the situation at 30 C. This
further highlight the impact degradation products have on
the total intracellular ﬂuorescence.
The non-linearity of the uptake curves in both species sug-
gests a possible saturation of binding sites on the surface of
the cells. Whatever the mechanism of uptake is, a decrease of
its capacity can be observed in the concentration range inves-
tigated. Nevertheless, from an estimation of cell volume and
number an approximate intracellular concentration could be
determined. When plotted against the extracellular concentra-
tion, the cellular transport equilibrium constant for the intact
peptides was obtained (Table 2). These values are supporting
pVEC as the most eﬃcient CPP in S. cerevisiae and C. albicans,
Table 2
Estimated equilibrium constant and time to maximum uptake of intact CPPs
Peptide S. cerevisiae C. albicans
K t (min) K t (min)
pVEC 58.0 ± 24.8 40 14.3 ± 8.2 P 60
all-D-pVEC 71.1 ± 9.9 P 60 89.5 ± 20.6 P 60
(KFF)3K
a 28.3 ± 9.6 20 18.4 ± 9.0 40
Penetratina 10.2 ± 6.3 P 60 4.5 ± 4.1 P 60
K, equilibrium constant (estimated); t, time to maximum uptake. The time-point at which the highest ﬂuorescent signal was detected.
aIntact peptide.
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peptide.
We also examined the uptake time-course of the peptides
over a period of 60 min at a concentration of 1 lM. The
time-course of penetratin was similar to that reported in [11].
From Fig. 3(a) and (b), the point of maximum uptake (Table
2) can be established. Determination of his time point is impor-
tant for practical reasons, i.e., to establish appropriate peptide
incubation periods.
In the accompanying paper, Parenteau and colleagues con-
clude from FACS-analyses data that the yeasts S. pombe and
S. cerevisiae display a lower amount of labelled cells compared
to mammalian cells. We observed that when doubling the cell
number, the peptide uptake, measured with HPLC, was almost
abolished (data not shown). These data together suggest that
small variances in both cell number and peptide concentration
may lead to ﬂuctuations in the detected ﬂuorescence. This is
in agreement with results from mammalian cells [8]. Thus, the
instability of the time-course data from C. albicans can be
caused by small ﬂuctuations in cell density between the experi-
ments. More exact determination of cell number than OD
measurements is recommended for future studies.
In summary, we have observed that the CPPs pVEC,
(KFF)3K and penetratin have diﬀerent capabilities to interna-
lize into yeast cells. pVEC and (KFF)3K showed highest eﬃ-
ciencies, although (KFF)3K was partly degraded. Considering
the stability and non-toxicity [6] of pVEC, it is a qualiﬁed
candidate for further studies. The enormous contribution the
degradation products of penetratin give to the total intracellu-
lar label, clearly demonstrates the importance of distinguishing
intact from degraded internalized peptides. This is an issue that
needs to be taken into consideration when interpreting data
from uptake studies.
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